The Red Sea Rift, an archetype of a newly formed ocean basin, is an ideal environment in 15 which to study the controversial processes associated with continental rifting. Different models 16 have been proposed to explain how rifting in the Red Sea evolved; however, accurate constraints 17 on lithospheric structure have not been available to discriminate rifting models. We use the S-18 wave receiver function technique to produce the first images of the lithosphere-asthenosphere 19 boundary (LAB) structure along the Red Sea and throughout the Arabian Peninsula. 20
Introduction 31
Rifting of the Red Sea began about 30 million years ago, separating the western edge of 32 the Arabian Plate from Africa [1] . Some studies [2] [3] [4] suggest that the Red Sea developed as a 33 passive rift, where extensional stresses due to far-field body forces are accommodated on low-34 angle detachment planes extending through the entire lithosphere below the rift (Fig. 1a) . This 35 results in passive upwelling of asthenospheric material below the rift and asymmetric thinning, 36
where the thinnest lithosphere is laterally offset from the rift axis. Other studies [5] [6] argue that 37 the Red Sea is an active rift, where the lithosphere is thermally eroded by flow in the underlying 38 asthenosphere, requiring the presence of hot, ascending material (Fig. 1b) . In this case, the rift 39 flanks are thermally uplifted, and the area of greatest lithospheric thinning is coincident with the 40 rift axis. It has also been suggested that these two end-member models are not mutually 41 exclusive; rifting in the Red Sea may have been initiated by passive processes, followed by more 42 recent active processes associated with a mantle upwelling [1, [7] [8] . 43 The Arabian Peninsula is composed of the western Arabian Shield and the eastern 44
Arabian Platform (Fig. 2) . The Shield is composed of Proterozoic island arc terranes that were 45 accreted together 600-900 Ma, and basement rocks in this region have little to no sediment 46 4 Teleseismic waveform data recorded by broadband instruments from four different 69 seismic networks were used. The largest array, the Saudi Arabian National Digital Seismic 70 Network (SANDSN), includes 27 broadband stations distributed along the eastern edge of the 71
Red Sea and across the Arabian Peninsula [23] (Fig. 2 In general, the receiver function method utilizes coordinate rotation and deconvolution to 78 identify converted phases from seismic discontinuities. To detect Sp conversions, three-79 component seismic data must be rotated around the incidence angle into the SH-SV-P coordinate 80 system [19] . This rotation is critical because if an incorrect incidence angle is used, noise can be 81 significantly enhanced and major converted phases may become undetectable. In addition, since 82 S-waves have lower frequencies than P-waves, more restrictive event selection and different 83 filtering limits are required for SRF analysis as compared to PRF analysis [18] [19] [20] [21] . 84 We selected S-waves with high signal-to-noise ratios from earthquakes with magnitudes 85 larger than 5.7 in a distance range of 60° to 85°. Waveforms were first rotated from the N-E-Z to 86 the R-T-Z coordinate system using the event's back-azimuth and were visually inspected to pick 87 the S-wave onset. The three-component records were then cut to focus on the section of the 88 waveform that is 100 s prior to the S arrival and 20 s after. To rotate the data into the SH-SV-P 89 coordinate system, a subroutine was developed, based on the approach of Sodoudi [27] , to 90 determine the correct incidence angle. The cut R-T-Z seismograms were rotated through a series 91 of incidence angles to create a set of quasi-SV and quasi-P data. Each quasi-SV component is 92 then deconvolved from the corresponding quasi-P component using Ligorria and analysis, common values of a are about 2.5; however, a smaller a of 1.0 was used for the lower 97 frequency SRF analysis. 98
To limit our examination to the true P, SV components and their corresponding receiver 99 function, we found the incidence angle that minimizes the direct S-wave energy on the P-100 component. On the time-reversed receiver functions, the direct S arrival is at 0 s. Therefore, we 101 are only interested in the receiver function whose mean amplitude is closest to zero at zero time. 102
A second algorithm was developed to examine all the generated receiver functions for a given 103 event and determine which record best meets this criterion. The P, SV components and the 104 corresponding receiver function with the appropriate incidence angle are retained, and the 105 remaining records are discarded. 106
Once receiver functions were generated for all events at an examined station, a move-out 107 correction was applied to the receiver functions to correct for variations in distance between 108 events. Again, to make the SRFs directly comparable to PRFs, we used a reference P-wave 109 slowness of 6.4 s/deg [18] [19] [20] [21] 27] . Each individual receiver function was then visually inspected 110 and compared to previously determined PRFs [17, 29] at the same station to identify the crust-111 mantle boundary (Moho) conversion. Only SRFs that display a clear Moho conversion at the 112 appropriate time were used for further analysis. These records were then stacked to enhance the 113 LAB conversion (Fig. 3) . Stacked SRFs were generated for 29 of the 39 total stations. For the6 remaining stations, stacks could not be created due to either a lack of data or poor signal-to-noise 115 ratios (Table 1) . 116
Synthetic SRFs 117
The SRF stacks were modeled using synthetic receiver functions generated by the 118 reflectivity method [30] . Using published S-wave velocities (V S ) [17, 31] , simple one 119 dimensional models were constructed to match the amplitude and timing of both the Moho and 120 LAB conversions, providing constraints on the velocity contrast and the depths of these 121 boundaries, respectively (Fig. 3 , Table 1 (Fig. 4) . Given the configuration of stations, the boundary depths 140 along profile AA' (Fig. 4 ) are highlighted to examine the structure beneath both the Arabian 141
Shield and Platform. Also, since seafloor spreading is more developed in the southern Red Sea 142
[32], this profile provides a view of the most extensively rifted portion of the lithosphere. 143
However, for comparison, the structure along the more northern profile BB' (Fig. 4) is also 144 Sea. At the Shield-Platform boundary, a step is observed in the lithospheric thickness where the 153 LAB depth increases to about 160 km (Fig. 4b) . 154
Boundary depths along profile BB' are comparable to those at similar distances along 155 profile AA'. The Moho depth near the coast is about 22-25 km, and crustal thickening continues 156 until an average Moho depth of about 35-40 km is reach beneath the interior Arabian Shield (Fig.  157   4a) . The LAB near the coast is at a depth of about 55 km; however it also deepens beneath the 158
Shield to attain a maximum depth of 100-110 km (Fig. 4b) . The broad spatial coverage of these 159 8 estimates provides the first images of ruptured continental lithosphere on a scale applicable to 160 geodynamical modeling. 161
Gravity Comparison 162
The inferred lithospheric structure along both profiles is tested by comparing its predicted 163 gravity signature to data collected by the GRACE satellites [22] . Average seismic velocities 164 from both the current and previous studies [17, 31] were converted to density estimates using the 165 Nafe-Drake relationship [33] and sediment thickness was extracted from a global sediment 166 model [34] . Along profile AA', the small-scale (50-200 km) recorded gravity signature can be 167 matched very well by making minor adjustments to the Moho and LAB boundaries (well within 168 the estimated error). Broad-scale gravity observations require a shallow asthenosphere beneath 169 the Red Sea, with the thinnest lithosphere centered on the rift axis (Fig. 5) . 170
Profile BB' is shorter, has fewer stations and therefore fewer constraints, so we set the 171 lithospheric thickness beneath the rift axis to be similar to that on profile AA'. We then 172 examined if the calculated gravity signature is consistent with the recorded data. Small-scale 173 recorded gravity observations can again be matched very well by slightly adjusting the Moho and 174 LAB boundaries. Broad-scale gravity observations are also well fit by a shallow asthenosphere 175 beneath the Red Sea (Fig. 6 ). These findings demonstrate that the Moho and LAB SRF results 176 are consistent with gravity measurements across Arabia and support current active rifting 177 processes (Fig. 1b) . 178
Discussion and Conclusions 179
The average elevation across Arabia is about 1 km; however, near the Red Sea, the 180 elevation is significantly higher, up to 3 km [8] . This high topography is not in isostatic 181 equilibrium with our lithospheric model resulting from the SRF analysis, requiring another9 compensation mechanism. Potential mechanisms include flexural and dynamic compensation, 183 where the topography is supported by lithospheric rigidity or asthenospheric flow, respectively. 184 Both the observed lithospheric thinning and the necessity for dynamic compensation 192 support active rifting processes. In the active rifting model (Fig. 1b) , the rift event is preceded 193 by a period of uplift; however, in the passive rifting model (Fig. 1a) change is also observed in the gravity data (Fig. 5b) , where the transition from the Shield to the 224 Platform is marked by a small-scale gravity anomaly. The LAB step imaged in this study may 225 reflect the pre-existing lithospheric thickness prior to the accretion of island arc terranes 226 composing the Arabian Shield. This step and the rapid lithospheric thinning near the rift likely 227 channelize hot asthenospheric flow as predicted [7] [8] 39 ] and illustrate the important role 228 lithospheric variations play in the thermal modification of tectonic environments. 229
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